Optical fiber sensors offer a number of advantages for spacecraft applications. A principal application is strain sensing for structural health monitoring, shape determination, and spacecraft qualification testing. This paper will review the results of recent work at the Naval Research Laboratory where optical fiber strain sensors have been used on spacecraft structures and ground test hardware. The sensors have been both surface mounted to the structure and embedded in fiber-reinforced polymer composites. The issue of potential strength reduction of high-performance composites due to embedded optical fiber sensors and leads has been studied, low-cost fabrication of tubular struts with embedded sensors has been demonstrated, and a novel technique for fiber ingress-egress from composite parts has been developed. Applications of fiber sensors discussed in this paper include distributed dynamic strain monitoring of a honeycomb composite plate and a lightweight reflector during acoustic qualification tests, ultrahigh-sensitivity static strain and temperature measurements for precision structures, and on-line system identification of a lightweight laboratory truss.
Introduction
A consistent goal of spacecraft engineering is to design and fabricate spacecraft that are lighter, smaller, at lower cost, and yet have higher performance. To achieve these goals more spacecraft structures are being made from fiber-reinforced polymer composite materials, which provide stiffness and strength at lower mass. However, spacecraft performance can be degraded by a number of factors, including failure to deploy properly, on-board vibration from mechanical sources such as reaction wheels and cryocoolers, thermal gradients across the structure, residual deformation of folded structures that do not fully relax upon deployment, etc. In these cases, it is useful to have a direct measurement of the structure in order to correct or compensate for the problem. Potentially desirable measurements include: strain mapping; deflection, deformation, and shape determination; vibration detection (and suppression in the case of a closed-loop, actuated system); micrometeorite detection and classification, distributed temperature measurement, and radiation dosimetry. These measurements enable on-orbit health monitoring of the structure.
Fiber optic (FO) sensors are uniquely suited to satisfy the requirements of spacecraft sensing. Table 1 lists generic requirements and a comparison of electrical resistive strain gage (RSG) and FO strain gage systems. It should be noted that the optical fiber sensor is but one component of † Current address: CiDRA Corporation, Wallingford, CT 06492, USA.
‡ Current address: Lucent Technologies, Holmdel, NJ 07733, USA. a FO sensing system, which includes both the fiber and the interrogation instrumentation that converts the optical signal into a digital output or voltage proportional to the measurand. A wide selection of FO sensors exists for use on spacecraft, and their performances can be substantially different. The comparison in table 1 assumes that the optimum sensor system has been selected for each application. The most significant differences between FO sensors and RSGs are given below.
• The fiber sensors can be either surface mounted or unintrusively embedded in composites.
• RSGs are susceptible to electromagnetic interference, whereas optical fiber sensors are not.
• RSGs require two to four lead wires to connect each gage to its own bridge amplifier, while greater than 20 short gage length fiber Bragg grating strain sensors have been multiplexed along a single fiber and individually addressed through a single fiber lead to the instrumentation [1] . This is a great weight saving.
• The sensitivity of RSGs is limited by electrical noise to 1 µε. By contrast, ultrahigh static strain sensitivity of less than 5 nε has been demonstrated with a 1 m gage length fiber sensor [2] .
• The fiber Bragg grating sensor (described below) yields absolute strain information with no baseline offset, so continuous interrogation is not required. Light weight, low power consumption High sensitivity, wide dynamic range Long-term mechanical reliability, mechanically robust Constant long-term response, no baseline drift Immune to electromagnetic interference and cross talk * Frequency range from dc to tens of kilohertz Continuous operation not required for static strain measurements * Multiplex individual sensors along single fiber with one input-output lead * Primary response is to axial strain; little transverse strain response have calibration standards traceable to NIST. FO structural sensing is relatively new, and the calibration issues have yet to be fully addressed.
Principles of FO sensing
Detailed descriptions of the principles of FO sensing have appeared in the literature [3] and will only be summarized here and where appropriate throughout the paper. The purpose of an optical fiber sensor is to encode a physical measurand (such as strain, acceleration, displacement, temperature, or pressure) into a change in a property of the optical signal being carried in the core of the fiber. Note that with the exception of temperature, all measurands can be expressed as physical strain on the fiber through proper design of the sensor, and temperature can be measured as a thermal apparent strain. Encoding mechanisms include changes in (1) light intensity induced by absorption, radiative loss, scattering, or luminescence, (2) phase induced by a change in optical path length, or (3) wavelength induced by differential absorption or a wavelength shift. Various intensity-based sensors have been devised [4] , but their sensitivity is limited, they are subject to extraneous sources of intensity fluctuations, and they cannot be easily multiplexed. However, with careful design and a reference channel absolute measurements are possible. In phase-based sensing, the measurand acts on one arm of a fiber interferometer, while the reference arm is isolated from the environment. Interferometric sensors have demonstrated extremely high sensitivity and dynamic range, wide frequency bandwidth, and have been multiplexed [5] [6] [7] . However, absolute measurements are difficult or impossible with interferometric sensors because there is no memory of path length changes induced while the instrumentation is off. Wavelength encoding offers the advantages of multiplexing and absolute measurement, provided that the wavelength can be uniquely determined when the instrumentation is turned on. The two types of FO strain sensors used in the demonstrations described in this paper are based on wavelength (or frequency) shifts.
Fiber Bragg gratings
Fiber Bragg gratings (FBGs) are probably the most attractive of the FO sensors for spacecraft applications. Depending on the interrogation instrumentation, they can be used to detect both static and dynamic strain from 0 to greater than 100 kHz. FBGs have nearly linear strain response from less than 100 nε to several per cent, their dynamic strain sensitivity is less than 1 nε Hz −1/2 , and they can be multiplexed in largecount arrays and individually interrogated. Kersey et al [8] recently published an extensive discussion of fiber grating sensors, and the reader is referred to this paper for details. Here, we will only outline the fabrication and instrumentation appropriate for the spacecraft applications described in this paper. Figure 1 shows a schematic diagram of FBG fabrication. Two coherent beams of ultraviolet light from a laser intersect on the fiber core to create an interference pattern. The interference pattern exposes the core to a series of light and dark fringes with a period , and this exposure induces a permanent modulation of the index of refraction, creating the FBG. Typical gage lengths of FBGs are approximately 4-20 mm.
Light transmitted down the fiber core that satisfies the Bragg condition † is resonant with the grating structure and is reflected. Concomitantly, the reflected light at the Bragg wavelength λ B is removed from the transmitted spectrum. The reflectivity of FBGs depends upon exposure conditions and typically varies between 2 and 100%. When the FBG is strained, the Bragg condition changes due to a change in and n eff through the stress-optic effect and, as a result, there is a shift in the wavelength of the reflected signal. The strain response at constant temperature is 
Since strain is encoded in the wavelength shift and λ B can be determined without constant monitoring, strain measurement need not be continuous for static strain determination. The advantage of quasi-distributed sensing is fully realized using an array of FBGs where the gratings are written at different locations along the fiber using different interferometer angles θ (see figure 1 ), so that each FBG has a unique λ B and can be individually addressed. Such an array can be fabricated with an arbitrary linear distance between the gratings, while the wavelength separation between adjacent Bragg wavelengths is determined only by the maximum strain (wavelength shift) anticipated for the nth grating relative to those at higher and lower wavelengths. An example of † λ B = 2n eff = n eff λ L / sin(θ/2) where n eff is the effective refractive index of the core, λ L is the laser wavelength, and θ is the angle between the beams. a 12-element array measured in transmission is shown in figure 2 . If each grating is attached to, or embedded in, a different part of the structure, the strain at 12 different sites can be simultaneously measured. Practically, the FBG array would be interrogated in reflection, as shown in figure 3 , rather than in transmission, so that a single fiber end accesses all 12 gratings. (Interrogation in reflection also provides redundancy, so that if the array is broken in the middle it is possible to access all sensors using both ends.) By contrast, a strain measurement performed with 12 RSGs would require 24 to 48 wires (2 to 4 per strain gage) and, for simultaneous measurement, each RSG would be connected to a separate bridge amplifier. The reduction in cost, weight, complexity, and power that is realized with FO sensing using a FBG array is obvious.
FBG instrumentation.
The requirements of strain sensitivity and frequency bandwidth largely determine the instrumentation selected to demodulate the Bragg wavelength shifts into strain data. We will briefly describe three systems that have been used in the demonstrations discussed in this paper. For more detail and for discussions of other systems, the reader is referred to Kersey et al [8] .
The most widely used technique employs a broadband light source, such as an edge-emitting LED (1300 or 1550 nm) or an erbium-doped superluminescent fiber source (1550 nm), and a tunable passband filter for tracking the FBG wavelengths. As shown in figure 4(a), the broadband source illuminates an array of FBGs through a 1 × 2 FO coupler and the reflected signals are input to a fiber Fabry-Perot (FFP) filter, which passes only a narrow 'slice' of the spectrum to a detector. An electrical scanning waveform is applied to the FFP. As its passband scans the reflected signal of an FBG, the Bragg wavelength can be determined from the voltage applied to the FFP at the Bragg grating peak [9] . In practice, a first derivative of the detector signal is often taken so that the peak is detected as a zero crossing.
The strain sensitivity of an FFP system is determined by the accuracy of detecting the grating peak, which, in turn, depends on the bandwidths of the FBG and FFP. A typical strain resolution is ±1 µε without averaging. The frequency response of the system is determined by the maximum scan rate of the FFP. Currently available FFP filters can be scanned at rates of 300-400 Hz, limiting the frequency of dynamic strain measurements to 150-200 Hz by the Nyquist sampling theorem.
By contrast to scanning the FBG array spectrum with a tunable filter, the second instrumentation approach, shown in figure 4(b), uses a plane grating and optics to disperse the reflected spectrum onto a charge-coupled device (CCD) or photodetector array [10] . At the present time, highperformance CCDs are based on Si detectors, which are sensitive to wavelengths below 900 nm. Demonstrations of this technique have used a short-wavelength source with FBGs written in the 800-850 nm range, although application at 1300 or 1550 nm is possible with InGaAs photodiode or CCD arrays. In the present spectrometer, the dispersion is such that center-to-center pixel spacing corresponds to approximately 0.1 nm = 140 µε. However, the image of the FBG peak is spread over several pixels, so a strain resolution less than 1 µε (corresponding to better than one hundredth of a pixel) has been obtained without averaging by performing a centroid calculation. The sample rate is determined by the read-out rate of the CCD, and a sample rate of 3.5 kHz has been demonstrated. The CCD spectrometer has the advantage that it simultaneously records the spectra of all FBGs in the array, so there is no time skew as in scanned filter techniques. In addition, the Si detectors in the CCD have sufficient sensitivity to interrogate the low-cost, low-reflectivity FBGs fabricated in-line during fiber drawing [1, 11] that are required for combined wavelength-and timedivision multiplexing [10] .
Interferometric demodulation is used to perform dynamic strain measurements because of its high sensitivity and high-frequency response. This method has been used with 1300 and 1550 nm gratings. As shown in figure 4(c), a fiber Mach Zehnder (MZ) interferometer with a small optical path difference (OPD) converts the strain-induced Bragg wavelength shift into a phase shift. Various techniques are available to determine the phase modulation φ, which is related to the dynamic strain λ as
where nd is the OPD [12] . As shown in (2), the sensitivity of the interferometer can be tailored by adjusting the OPD; a sensor with a resolution of 0.6 nε Hz −1/2 has been demonstrated [12] . The frequency response of this technique is limited only by the phase demodulation electronics, but the thermal sensitivity of the interferometer makes lowfrequency, quasistatic strain measurements problematic. As shown in figure 5 , the system can interrogate dynamic strain on multiple FBGs by passing the interferometer output through a wavelength division multiplexing (WDM) splitter [8, 13] . The FBGs are fabricated such that their Bragg wavelengths are centered on the WDM passbands, and the strain range is limited by the restriction that each λ B must stay within its passband. A photodetector (PD) and associated phase generated carrier (PGC) passive demodulation electronics is required for each splitter output.
Temperature sensitivity.
A significant difference between optical fiber sensors and RSGs is that the thermal apparent strain of FO sensors is much higher. In the case of FBGs, the Bragg wavelength λ B = 2n shifts not only due to strain, as shown in (1), but also due to temperature. Although there is slight thermal expansion of the fiber (∼0.1 ppm (parts per million)
• C), which changes , the dominant effect is the change in the refractive index of the core n. As a result of the large thermo-optic coefficient of silica (∼10 ppm
• C), the temperature response of an FBG at constant strain
for a 1 • C temperature change is almost an order of magnitude greater than the 1 µε strain response at constant temperature. (Of course, thermal sensitivity is not an issue for dynamic strain sensing unless the frequencies of the strain and temperature changes are comparable.) In practical static strain measurements, constant temperature cannot be assumed, so it is necessary to discriminate between thermally-induced and strain-induced Bragg wavelength shifts. A simple solution is the collocation of two FBGs-one in physical contact with the structure that senses both strain and temperature, while the other is physically decoupled and serves as a temperature sensor alone. For high-accuracy static strain measurements, one must ensure that both FBGs are in thermal equilibrium.
A more sophisticated approach is to collocate two sensors whose responses to strain (K ε,1 , K ε,2 ) and temperature (K T ,1 , K T ,2 ) are significantly different. Simultaneous measurement of strain and temperature is then possible by inverting the matrix equation
As described in Kersey et al [8] , this technique has been demonstrated using (1) • C have been demonstrated for simultaneous strain and temperature measurements using gratings at 850 and 1300 nm [14] and ±5 µε and ±3
• C with collocated gratings at 1300 and 1550 nm [15] . Note that the strain measured by these techniques is independent of temperature provided the values of K ε are temperature independent over the range of interest.
Embedding issues

Strength degradation
Fiber optic sensors, which typically have a diameter approximately equal to that of the individual ply thickness of a fiber-reinforced polymer composite, have been reported to adversely affect the strength of the host when embedded within the laminate [16] . Degradation of strength and modulus is a function of the orientation of the optical fiber relative to the nearest plies, the overall thickness of the laminate, the optical fiber diameter, and the type of protective coating on the optical fiber [17] [18] [19] [20] . Often, little degradation is observed in tension or compression when the optical fiber is parallel to the graphite fibers, but degradation becomes increasingly severe with an increasing angle between the optical fiber and ply directions. These effects have been linked to the geometry of the resin rich area, which characteristically appears in the form of a lens-shaped resin pocket that is created when the reinforcement fibers are forced to bridge the optical fiber [19, 20] . The thickness of this lenticular region is determined by the overall optical fiber diameter, whereas the length of the 'tails' of the pocket are determined by many factors, including FO orientation angles, cure cycle pressure, reinforcement fiber modulus, ply thickness, ply stacking sequence, and overall laminate thickness.
Common sense dictates that the extent of degradation is relative to the overall laminate thickness since the defect induced by the optical fiber normally involves, at most, four plies. Hence, a 60-ply laminate will show little, if any, effect of embedded optical fibers, whereas effects may be severe on a thin, 8-ply laminate. The use of embedded FO sensors then becomes a design problem, just as similar discontinuities in laminates (such as holes for fasteners and ply drop-offs) were in the past. Good composite structural design practices have ameliorated these unavoidable stress risers by careful laminate analysis and thorough test programs. The same can be done for embedded sensors.
2.1.1. Experimental procedure. The composite material used for this work was P100S/EX1515 unidirectional tape prepreg (ready to use reinforcement fibers pre-impregnated with matrix resin). Amoco P100S graphite fiber with AP320 sizing was impregnated with EX1515 cyanate ester by Bryte Technologies. The prepreg was specified with a fiber areal weight of 120 g m −2 , and a weight per cent resin content of 40%, resulting in a cured ply thickness of approximately 100 µm.
The single mode optical fiber used in the tests was drawn in-house at the Naval Research Laboratory (NRL)-the fiber had a 125 µm outer glass diameter and was coated with 9 µm of Dupont PI-1111 polyimide, resulting in an overall diameter of approximately 143 µm. The 125 µm fiber diameter was chosen since this is the most common diameter in commercial use and it is the largest fiber likely to be embedded in a structural laminate for sensing applications. Smaller fibers are available for specialty applications. The polyimide coating was selected to minimize the overall diameter of the embedded optical fiber, because of its ability to survive the high-temperature cure cycles required for advanced aerospace materials, and a demonstrated lack of reactivity with the host epoxies/cyanate ester resin systems [16, 17] .
Prior to embedding, the polyimide-coated optical fibers were cleaned with isopropyl alcohol to remove contaminants. The fiber was then positioned at the midplane of the laminate via a Mylar template, which indicated the panel boundaries, fiber angular position, and the layout of the specimens. After optical fiber placement, the remaining plies were completed. The laminates were vacuum debulked, fitted with caul plates, and autoclave cured at 120
• C and 0.55 Mpa, according to the manufacturer's specifications. After cure, the peel-ply was removed and the panels were deflashed by hand with a razor. The panels were radiographed to verify the position of the optical fiber in the laminate, tabbed with G-10 fibreglass, and diamond sawed into specimens. The specimens were then radiographed a second time for a final check prior to testing.
Tension specimens were cut from the appropriate 16-ply panels to be 25.4 mm wide by 254 mm long, as specified in ASTM D3039. Samples for compression testing were cut from 32-ply panels to be 19.05 mm wide by 140 mm long, as specified by ASTM D3410. The unsupported gage length of the compressive specimens was 12.70 mm. Load testing was performed on a 50 KIP Instron machine equipped with hydraulic grips and a calibrated load cell. Specimens were fitted with back-to-back resistive strain gages, and load against displacement data were recorded using a personal computer (PC)-based data acquisition system. Tensile specimens were loaded twice at low levels and then taken to failure. The three data runs were used for accurate modulus determination. Table 2 lists the test panels, ply lay-up, and embedded optical fiber orientation angle in the laminate coordinate system.
Results.
The tension and compression tests were performed to determine the effect of embedded FO sensors on the strength of a high-modulus, graphite cyanate-ester composite material. P100 high-modulus graphite fiber composites have very poor transverse and compressive properties, so these data are a good approximation of 'worstcase' degradation. As can be seen in table 3, the worstcase strength degradation was 19% in tension and 11% in compression for the unidirectional laminates with the FO Table 2 . Test panel identification number, ply lay-up, and embedded optical fiber orientation angle for the tensile (U, N, Q) and compressive (C, QC) test specimens. Panels with U, N, or C suffixes were unidirectional, those with Q or QC were quasi-isotropic. Panels U1-U4, Q1-Q4, C1, C3, C4, and QC1-QC4 were longitudinal specimens, U5, N, Q7, Q8, C2 and C5 were transverse specimens. • oriented perpendicular to the plies. Similarly, the worst-case strength and modulus degradations for the quasi-isotropic laminates were 16% in tension, but negligible in compression.
Panel identification
The test results indicate that polyimide-coated 125/145 µm optical fibers, which are roughly equal in diameter to the individual ply thickness of the composite, affect the host composite in the following manners.
• Unidirectional laminates. The strength and modulus are not degraded by optical fibers embedded parallel to the reinforcing fiber, while these properties are degraded by optical fibers embedded transverse to the reinforcing fiber. The latter degradation is a function of the number of plies in the laminate [21, 22] .
• Quasi-isotropic laminates. The strength and modulus are mildly degraded by optical fibers embedded transverse to the reinforcement fibers in the neighbouring plys and this sensitivity is a strong function of the overall thickness of the laminate [21, 22] .
• The relationship between the angle of the embedded FO sensor and the residual strength of the host composite is not strong in isotropic specimens. Decreases in strength behave more as a step function, i.e. above a certain critical embedding angle, the strength in the two neighbouring plies is lost with secondary effects on the next-nearest neighbouring plies. The results of this work indicate that optical fiber sensors embedded at 90
• to the reinforcing fiber are no worse than those embedded at 45
• in these composites, which does not agree with the previous results of predictive models [18] [19] [20] . The simplest predictive model based on laminate analysis resulted in agreement within 15% of the strength test data on all cases examined. Further development of the laminate model resulted in good results for both unidirectional and quasi-isotropic laminates with embedded sensors.
Ingress and egress of FO sensor leads
The robust egress of FO sensor leads from the surface of a composite component is needed for the successful, cost-effective development of embedded sensor technology. Generally, composite components must be machined after curing and assembled into systems; optical fiber egress from the edge of a laminate becomes impractical under these conditions. Although optical fibers are quite strong in tension, they can be easily broken by bending in a tight (<2 mm) radius or by being crushed. We have developed a method that successfully brings the FO lead out of the surface of a composite component with little damage to the part while providing a rugged ingress-egress point for the FO cable [23] .
The cure process for many composite materials is an extremely harsh environment for the FO sensor and the fiber lead. Most high-performance composites are consolidated under high pressure and temperature. Failure of the lead can occur during the application of pressure due to pinching or kinking between parts of the tooling, or due to relative motion of the parts of a given cure fixture. Likewise, fiber leads are often broken in the post-cure operations, such as disassembly of the curing fixture, due to the tendency of the composite material to bleed or leak resin during cure. This excess resin often flows over the sensor leads, causing the lead to bond to itself or to a part of the cure fixture. The lead does not have to break to fail; permanent sharp bends in the FO lead can cause sufficient optical loss to render it useless as a waveguide.
Another mode of failure of the lead occurs when improper tubing sizes are used to protect it at the egress point.
Without proper damming, resin will flow up the tube, through capillary action, during cure. If the tubing is sufficiently oversized, air bubbles form around the optical fiber. When the lead is flexed after cure, the optical fiber can easily break at these bubbles, particularly if the tubing is made from Teflon.
The last major failure mode is breakage of the lead during the handling and machining operations on the composite part. Leads that are not routinely armored and not sufficiently relieved of strain will suffer damage under normal handling and machining. The egress method described here was developed to provide protection to the optical fiber leads from all the pitfalls described above. This technique was used in the fabrication of the advanced tether experiment (ATEx) equipment deck described in detail in section 3. The following section describes the procedure for embedding FO sensors on this and other autoclave-cured structures.
Fiber lead preparation.
The FO sensor lead is prepared for embedding by sleeving with two polyimide and two Teflon tubes of increasing diameter, as shown in figure 6 and table 4. A damming material † is applied between the layers of tubing to prevent capillary resin flow up the tubing surrounding the fiber. Damming is not performed in the polyimide tubing since resin flow up these tight-fitting tubes increases the strength of the FO leads after cure. However, the polyimide must be tacked to the fiber optic at the far end, away from the egress point, to prevent slippage.
The innermost layers of polyimide tubing prevent the fiber lead from kinking as it traverses the plies in the laminate and protect it from breakage during the threading operation. Epoxy and cyanate ester resins bond well to polyimide tubing, and thus anchor it within the laminate after cure. The first layer of Teflon tubing provides the lead with structural strength, protects it from damage at the surface of the part, and prevents resins from bonding the lead to the molds or other materials. The final, thin-walled outermost Teflon Table 4 . Tubing sleeved over the optical fiber lead to protect its egress from a composite part. The tubing is applied in a stepped fashion, and the set numbers correspond to the tubing shown in figure 6 .
Inside diameter × wall thickness Depth into laminate Set Material (mm) (mm) tubing provides extra protection and is expendable. These last layers provide protection from inadvertent resin flow from the composite; after cure they are readily stripped off the fiber lead using a wire stripper.
Flexible tool fabrication.
The key to the success of this method for fiber egress is a flexible tool, which is made either from flexible sheeting, at least 6.4 mm thick †, or a pourable mold material. The material must have hightemperature resistance and be compatible with the composite material resin system. The tool, which is attached to the outside surface of the part during cure, consists of two parts-(1) a sheet the size of the part with tubular cavities for the fiber leads, and (2) rubber plugs at the fiber egress points. The tool serves several important purposes.
(1) It provides a strain relief cavity for the optical fiber. Since the fiber lead may exit the composite surface anywhere within the strain relief area, less accuracy is required in locating it as it leaves the laminate. (2) Due to its soft nature, the rubber tool fully protects the FO lead from pinching, kinking, and breakage during cure. (3) The rubber tool fits snugly around the FO lead, thus protecting it from excessive resin flow. (4) Since the rubber plugs around the strain relief area are the first items removed during breakout, the chance of damaging the lead during disassembly is reduced. (5) Since the fiber lead on the outside of the part is contained in a channel in the tool, it protects the surface of the composite part from imprinting by the lead during cure. † Reinforced silicone sheeting, which is available from industrial suppliers, is adequate for this.
The flexible tool used in the fabrication of the flat ATEx composite facesheets will be briefly described here, but this method can be applied to complex parts and can be modified to use hard tooling. More details can be found in the patent literature [23] .
First, a full-scale Mylar template is created, which shows the path of the optical fiber inside the laminate, the ingress and egress points of the leads, panel dimensions, ply lay-up, sensor locations, and areas to be avoided because of future machining. The strain relief patterns for the fiber lead at the egress points are constructed and bonded to a flat plate, which has been marked according to the template for the part.
Next, the flexible sheeting is cut to the size of the plate and square holes are cut in the sheeting around the ingress and egress points of the leads, as indicated by the template. This sheet is placed over the top of the pattern, and tubing the same size as that in which the fiber leads have been oversleeved (section 2.2.1) is fed up through the holes. A channel is cut in the top surface of the rubber to a depth that will allow the tubing to lie flush with the surface of the sheeting (nominally 1.6 mm deep). A channel for the fiber leads, which connects to the tubing, is also cut in the top surface.
Sacrificial optical fiber is then carefully positioned into the fiber lead channel and taped into place, with special attention being paid to prevent any sharp bends or kinks in the pattern. See figure 7(a) for a picture of the pattern before silicone pour. A compatible two-part liquid silicone is then mixed and poured into the square holes and over the optical fiber taped into the cut grooves, as shown in figure 7(b). Excess is squeegeed away, the tool is vacuum bagged with a caul plate, and the silicone is allowed to cure. Once cured, the caul plate is removed and the square plugs at the ingress points are cut out with a scalpel and slit where the fiber leads pass across the edge of the plug. The optical fibers are released from their filled grooves, leaving behind a tubular cavity the exact diameter of the fiber sensor lead.
The rubber plugs now contain the cavity for the strain relief and a hollow tube that leads from the strain relief to the matching cavity on the surface of the tool. At this point the tool is complete.
Embedding process.
The fiber egress method described above was used for the ATEx face sheets and this example will be used to describe the embedding process in detail. The FO sensors in the ATEx face sheet were to be embedded at the mid-plane of the composite laminate, so the top and bottom halves of the laminate are laid up according to the overall ply schedule. The template that delineates the path of the optical fiber in the laminate is placed over the 'top' half. The laminate is placed on top of the soft rubber tool such that the square holes line up with the ingress points and the laminate is taped to the tool to prevent slippage. The laminate is then pierced at the egress locations with an awl. Since laminates tend to 'heal' due to the tackiness of the uncured resin, a small piece of Teflon tubing is immediately inserted into the hole.
The template is carefully cut along the intended fiber path to provide a profile for the sensor layout and it is then laid onto the composite laminate. The optical fiber is fed through the ingress points and down through the square holes in the tool. The polyimide tubing at the ingress points is tacked into position by film adhesive to ensure proper depth penetration within the laminate and the FO sensors are properly positioned as indicated by the template. Complex sensor patterns may require the path on the laminate to be inked and may also require the use of film adhesive to tack each sensor into place, as shown in figure 8. Once the sensors have been placed and secured, the template is removed and the bottom half of the laminate is placed over the sensors and rolled or ironed into place. The finished laminate is taped around its edges to the rubber tool to prevent sliding and the entire assembly is carefully flipped over onto the cure plate.
The rubber plugs are then installed at the egress points ( figure 9(a) ) and the FO leads are gently pushed into the grooves in the surface of the tool ( figure 9(b) ). Release film and a caul plate are placed on top of the tool, and the part is ready to be bagged for the autoclave curing process.
Strain relief device.
The final step in protecting the optical fiber egress point is the fabrication of a strain relief boot. The boot shown in figure 10 is a prototype approximately 25 mm × 13 mm, while flight parts would be a half to a quarter of this size. The boot has an internal cavity that is sized to fit over the egress strain relief nib left on the surface of the part by the tool described in section 2.2.2.
The tip of the boot is designed to capture a cone-shaped silicone plug, which is installed as a strain relief between the hard boot and the optical fiber (see figure 6 ). There should be, at this stage, a minimum of three layers of tubing on the optical fiber-two layers of polyimide and a layer of Teflon. Depending upon the final application, two to three more layers of heat shrink tubing can be added or the boot can simply be bonded to the existing tubing. After the optical fiber lead has been armored with the tubing, it is thread through the boot, which is slid into place, and potted with an aerospace epoxy so that the device is well bonded to the surface of the composite part and to the strain relief nub created by the soft tool. The fiber sensor embedding process is now complete.
Sensor tagging for non-destructive inspection
This section describes a method for tagging FO sensors such that they can be accurately located via radiographic inspection once they have been embedded in a composite part [24] . This method may also be used to locate the embedded part of the fiber leads, which is of extreme importance to avoid cutting leads or sensors when the part is machined after cure.
After fabrication, the FBG sensor is indistinguishable from the rest of the fiber by visual or radiographic inspection, especially after embedding. Although it is possible to locate the sensors along the length of the optical fiber by an interrogation technique that measures the distance to each grating from a reference reflector [25] , this method provides no information about the lateral position, orientation, or depth of the sensor in the composite. In the ideal case, the optical fiber would not be disturbed by the lay-up, cure, and post cure operations, and the sensor could be located by knowing its original pre-cure position in the part. However, the optical fiber may shift within the part either due to ply motion during lay-up or during cure as the matrix resin liquefies and flows. In thin laminates, the fiber can sometimes be detected after cure as a raised line on the surface of the part, but the sensor location along the fiber strand cannot be determined from the surface of the specimen. In thicker laminates there are no surface visual indications of optical fiber position.
A short gage length sensor, such as the FBG, can be crudely located by tapping on the component with a sharp point or touching the part with a warm object while watching the sensor output. The method is time consuming, inaccurate, and does not produce a direct record of the sensor location for future reference. There is, also, no way to determine the sensor depth or orientation relative to a reference edge.
In the new technique, which overcomes these limitations, the optical fiber sensor array is prepared for embedding as described in section 2.2. The tagging operation, which is performed as the final step prior to embedding, consists of lightly coating the fiber with a small quantity of an x-ray opaque epoxy † at a predetermined distance from the sensor in both directions along the fiber. When the epoxy is fully cured, the optical fiber may then be embedded. Although the use of silver-filled epoxy introduces a foreign substance into the laminate with the potential for reducing composite strength, only a small amount is used and other epoxies, such as Dexter Hysol 9394 and 9396 are acceptable for incorporation into composites.
The embedded FO sensors prepared by this method can be located accurately in position, orientation, and depth by standard radiographic techniques, as shown in figure 11 . The resulting radiographic films can be used to locate the embedded sensors within the part prior to and after machining. The resulting radiographic films become a permanent record of the exact locations of the embedded sensors within the part and can be referenced for machining operations. It is also important to accurately locate the position of the sensor for the true knowledge of the strain distribution within the structure and for the correlation of measured strain with an analytical model.
Low-cost sensor embedding in spars
To achieve acceptance for inclusion in composite space structures, FBG sensors must not only provide high measurement fidelity, but they must also be compatible with a variety of fabrication methods.
In mediumand high-volume applications, time and budget restraints generally favour an automated production process. We have demonstrated the incorporation of FBG sensor arrays into a production line for fabricating lightweight, tapered, graphite-epoxy struts. The Fiberspar Company (Wareham, MA) specializes in the design and manufacture of highperformance, graphite-epoxy tubing for recreational and industrial applications. These masts are suitable as a prototype spacecraft boom or strut. Inclusion of FBG sensors in 'smart' spacecraft struts would both enable shape monitoring of the lightweight platform and provide feedback for active vibration damping. A feasibility study was conducted to incorporate FBG sensors between graphite plies of these struts to evaluate the ease of fabrication, susceptibility to optical fiber breakage or degradation during composite fabrication, and to determine whether the spectral properties of the sensors were altered by the embedding process. . X-ray radiograph of the center portion of a graphite-epoxy composite panel prior to machining into coupons for tensile testing. The tags, which are circled, are at both ends of the FBG sensors, and the optical fiber is barely visible. For testing, the panel will be cut along the dotted lines into five coupons, each containing a sensor.
Composite fabrication.
The composite spars are made by a wet-lay-up process consisting of successively winding epoxy-resin-saturated graphite fiber plies onto a metal mandrel, as shown in figure 12 . Standard layup geometry includes a circumferential wrap (90
• to the long axis) followed by several axial plies (0 • ), and a final circumferential wrap (90 • ). After assembly, the composite is conventionally cured (120-150
• C) in a conveyor oven and the mandrel is removed for re-use. Finishing typically includes surface smoothing, end trimming, and resin sealing, after which the spar is approximately 5 m long, tapering from 5.5 to 2.5 cm diameter, and weighing approximately 2 kg.
Sensor embedding.
The optical fiber containing the FBG sensor array was fed readily into the lay-up process along the length of the spar ( figure 12(a) ). Two approaches were used to access the fiber ends after the spars were thermally cured. In one approach, a complete spar with a smoothed outer surface and metal mandrel still in place was used as the substrate for additional axial and circumferential plies. The sensor fiber was attached to the cured substrate, and lead-in fiber lengths, inside strain-relief tubing, were coiled at either end inside sealing layers of PTFE and Mylar tape. This approach took advantage of the small lengths of waste sections between the uncured mandrels. As the prepared mandrel transited the assembly line, the protected optical fiber pigtails coincided with these waste sections. After lay-up was completed, the mandrels were separated by cutting the intervening waste graphite fiber, and the protected optical fiber leads were extracted, with several centimetres of strain-relief sleeving remaining undisturbed between the plies. The optical fibers were doubled back toward the middle of the spar and threaded through the uncured graphite/epoxy matrix, exiting through the surface. The freed optical fiber leads were then repackaged outside the matrix and each strut entered the oven for curing.
A second approach was used when inserting the optical fiber between uncured axial plies. As shown in figure 12(b) , a length of fiber protected by strain-relief sleeving at one end of the FBG array was carried along the assembly line and manually threaded out through each ply. After lay-up, the sensor leads were coiled inside a protective silicone rubber boot that was made to snugly fit the spar and that was removed after curing. This process was successfully tested with both the conventional mandrel and the cured graphite substrate. One or more sensor fiber arrays running parallel to the long axis were included in each sample spar.
To enable shape estimation in completed spars, some samples had arrays radially spaced by either 180
• or 120
• . In another instance, two sensor fibers were placed at different radial positions in the same spar to evaluate the potential for distortion of the gratings by the texture of the graphite plies. The first FBG array of seven gratings was positioned along the cured graphite substrate under slight tension and lightly attached using a cyano-acrylate adhesive. This strut was then returned to the assembly line where a circumferential ply and an axial ply were added. As the sample proceeded along the assembly line, a second FBG array was placed directly over the first array, and the final axial and circumferential plies were added.
Results.
The exposed fiber leads demonstrate the survivability of optical fibers exposed to the conditions inherent in the manufacture of common graphite-epoxy composite. As a practical note, it is important that no resin invades the strain-relief tubing where the fiber is flexed, since this stiff and brittle coating predisposes the fiber to breakage. In each of the two fiber arrays with seven gratings, none of the Bragg reflections were diminished, nondistorted, uniformly spaced. The lack of such effects in either the surface-mounted array or the parallel array inserted between wet graphite plies in this study is consistent with coaxial alignment between the optical and structural fibers, lack of a small-scale meander in the graphite tows, uniform tension on all components, and the documented stability of FBGs to temperatures up to 200
• C [26] .
The strain-relief reinforcement at the egress of the fiber leads shows distinctly through the final plies, indicating appreciable deformation of those plies. While the egress region of the spar is not load bearing in this application, leadout deformation of the composite may require attention in other situations.
Neither the mechanical nor the optical properties of these embedded FBG sensors have changed or degraded over the period of more than two years in ambient conditions and the sensors continue to provide strain sensitivities near one microstrain.
Dynamic strain monitoring of the ATEx composite deck
In this section we report the results of vibration tests performed on the ATEx composite deck with embedded FBG sensor arrays and surface-mounted conventional RSGs.
The ATEx was a flight experiment developed by NRL to study the dynamics of a two-body system connected by a 6 km tether in low earth orbit. The objectives of the experiment were to determine the stability of a tethered system on orbit, to develop predictive methods for determining endmass(es) attitude and control, and to observe the survivability of the tape tether in a space-debris environment. The ATEx equipment deck, which supported the experiment package on the host vehicle, was chosen for sensor embedding for several reasons: NRL built and qualified this structure, so we had access to all test data. All of the test fixture tooling and hardware were available from the flight program and the deck utilized composite face sheets. The deck would also serve as a good test of survivability of the embedded sensor through the normal fabrication, handling, machining, and testing of a spacecraft structure.
The FBG sensor arrays were embedded in the graphiteepoxy composite face sheets of the deck, which was a replica of the engineering model that was space-qualified in early 1997. The deck was mounted to a shaker table and the embedded FBGs and RSGs measured the dynamic strains while vibration testing was performed.
Instrumentation
Strain levels from the FBGs were demodulated using an interferometric detection system with WDM, as shown in figure 5 . The two four-element sensor arrays embedded in the ATEx deck were illuminated through two FO couplers using a broadband erbium-doped fiber superfluorescent light source. As described in section 1.2.1, the reflected signals from the four gratings of one array are passed through an unbalanced fiber Mach-Zehnder interferometer, which translates the small strain-induced wavelength shifts λ 1 through λ 4 into phase shifts of the 20 kHz carrier frequency added to the interferometer signal using a piezoelectric element [13] . The phase shift for each FBG is then separated by passing the light through a WDM splitter, which outputs light in each band λ 1 through λ 4 onto a single fiber. The light is then detected and the phase shift demodulated into a voltage output using a phase generated carrier/differentiate and cross-multiply demodulation (PGC/DCM) scheme. An identical system was used for the second array of four FBGs. The PGC/DCM boards were set up to give a sensor system frequency range of 10 Hz-2 kHz. Higher-frequency operation is possible using a higher carrier frequency. from eight plies of M55J/RS3 and the FBGs were embedded between the fourth and fifth plies. The eight layers were in a quasi-isotropic (0/45/90/−45) s lay-up. For each face sheet, the FBG arrays were attached to the top of the fourth ply using a film adhesive of RS3 cyanate-ester resin (YLA Inc), which was the same as that used in the face sheets. The remaining plies were then placed on top of the arrays. The fiber ends were threaded out through a small hole punched through the sheets (see section 2.2) and the face sheet was cured. The deck was then assembled by attaching the cured face sheets to the honeycomb core with film adhesive and a final cure was performed. Finally, the NRL-designed blue rubber boots and shrink tubing for stress relief were slid over the fiber ends and attached to the composite surface. Section 2.2 discusses issues associated with sensor embedding in greater detail. After the full plate was cured and the fiber boots were applied, the plate was machined and fitted with the round mounting flanges and array of screw holes seen in figure 13. These were used to attach the deck to the shaker table and to attach the proof mass (which simulates the deck load during vibration testing) to the deck. As seen in figure 13 , an RSG was mounted on the deck surface near each FBG and with the same orientation. The paths of the fiber strands are indicated with the dotted line, and the locations of the FBG/RSG pairs are indicated. Figure 14 is a schematic diagram of the apparatus used for vibration testing of the ATEx deck. The shaker moved the deck back and forth in the x-direction. Figure 13 shows the location and orientations of the RSGs/FBGs with respect to the direction of motion.
Sensor embedding and layout
Vibration test results and discussion
Several tests were performed to evaluate the FBG system and the response of the deck. Noise floors of the FBG channels were measured by comparing the voltage noise from the PGC/DCM outputs to the level of a signal with a known strain level. The FBG system and RSGs were then connected to the deck. First, the deck was shaken using a broadband, random 20-200 Hz frequency spectrum at 4g acceleration in order to determine the resonant frequencies of the structure. Sine dwells at the resonant frequencies were then performed at 0.5g acceleration. Data from the RSG and FBG sensors were recorded using a 16-channel TEAC tape recorder and the analysis of the sensor power spectra was performed with a Hewlett Packard VXI-based spectrum analyzer. In all cases the measurement bandwidth of the spectrum analyzer window was 0.375 Hz. The noise floor of a typical channel was 20 nε rms (root mean square) Hz −1/2 at 100 Hz. Noise floors for all channels at 100 Hz ranged from 10 to 30 nε rms Hz −1/2 at 100 Hz, with the variance arising from differences in the electronics, FBG reflectivity, and source power at each FBG wavelength. Figure 15 shows the spectra of the FBG and RSG sensors at location A1 during a broadband, random frequency run where the sensors are oriented along the x-axis direction of the 4g acceleration. Two resonances can be seen: the fundamental at 36 Hz and the second resonance at 92 Hz. Data above 120 Hz are not shown because the strain levels approach the sensor noise floor. Very good agreement between the data from the FBG and RSG was seen at this location. Because the acceleration was applied along the x-direction, the x-oriented sensors (A1, A4, B1, and B4) reported larger strain than did the y-oriented sensors (A2, A3, B2, and B3). Figure 16 compares the response of the x-oriented B4 FBG with the nearest y-oriented B3 FBG at the fundamental resonance frequency. In general, the strains measured by the x-oriented gages were about 6 dB higher than those of their y-oriented counterparts.
We obtained very good agreement between the RSG and FBG sensor pairs at all locations. Four sensor pairs showed less than 1 dB difference (at A1, A3, B1, and B3) while three sensor pairs showed less than 2 dB difference (at A2, A4, and B2). The noise on an individual measurement was about ±0.5 dB. In all cases where a difference existed, the RSG sensors measured slightly higher strain levels than the FBGs. In one case (at B4) the RSG measured about 3.5 dB higher strain than the FBG. However, it should be noted that this RSG was also measuring roughly 3.5 dB higher strain that the other RSGs in the same orientation and may have had a calibration error.
Once the resonant frequencies of the deck were found from the random acceleration data, several periods of sine dwell data were taken using either 36 Hz or 92 Hz excitation and 0.5g acceleration. Very low strain levels were observed in the panel, even when it was excited at a resonant frequency. The strain measured at A1 was about 60 µε rms at 36 Hz, while that at 92 Hz was only 0.2 µε rms. The low noise floor of the optical fiber sensors enabled easy detection at even these low strain levels.
In conclusion, embedded FBG sensors were successfully employed in the vibration testing of an aluminum honeycomb composite support deck, and they were able to measure strains down to 20 nε Hz −1/2 at 100 Hz. The FBG sensors were robust and they survived the handling and the composite curing process with ease. Since the plate had to be machined, the fiber could not egress through the edge and a practical fiber egress out the top of the composite faceplate was demonstrated, as described in section 2.2. During vibration testing of the deck, good agreement between the FBG strain sensors and conventional RSGs was obtained. Both the FBGs and RSGs identified two vibrational modes of the deck, at 36 Hz and 92 Hz, and the strain levels recorded by a FBG/RSG pair located at the same spot on the deck generally agreed to within 2 dB. This test showed that embedded FBG sensors could be successfully included in an otherwise spacequalified composite honeycomb structure.
FBG instrumentation of a light-weight reflector
This section describes the application of FBGs to monitor a lightweight antenna reflector during flight acoustic qualification testing. The fiber sensors provide solutions to several problems associated with conventional RSGs, enabling improved test results.
The reflector, which was fabricated from graphite-epoxy elements linked with metal-epoxy fittings, is in the shape of a parabolic section (viewed along the symmetry axis in figure 17) , and consists of a grid of small struts spanning the annulus between an inner and outer structural ring of the graphite tubing. The reflector surface is a thin graphite membrane supported by the grid and rings, with provisions for precise figure tuning.
Initial demonstration
Eight FBGs configured as two arrays of four FBGs each were attached to various points on the membrane, struts, and support rings, as shown in figure 17 . For verification of the FBG measurements, RSGs were collocated with FBGs at one position on the outer ring and one on a strut. Because these fiber sensors were only for ground testing, they were bonded using cyano-acrylate adhesive. The attachment sequence was straightforward and rapid: a sensor was positioned using Mylar tape at both ends of the grating, and liquid adhesive was lightly applied along the grating and allowed to set. One sensor location was chosen to replace a failed RSG located on a support ring directly under the membrane and which was no longer accessible for repair. In this case, the optical fiber was threaded through the restricted space, then taped and glued. A fiber lead from each array was routed to the periphery of the reflector and strain relief was added to permit connection to longer lengths of fiber for connection to the instrumentation. Only two single-mode fibers, 250 µm in the outer diameter provided access to all eight sensors. In contrast, each of the conventional RSGs required four small-gage wires in a 2 mm shielded cable. The mass loading of these cables modifies the dynamic response of this light-weight reflector, placing a practical limit on the number of RSGs that can be used. The FBG arrays were written to reflect greater than 80% near 1300 nm and the signals were demultiplexed and demodulated using the unbalanced Mach-Zehnder interferometer described in sections 1.2.1 and 3.1 and shown in figure 5(c) . The frequency range of the interrogation electronics was 5-2000 Hz and individual sensor signals were recorded using a digital audio tape recorder for postprocessing. Data were collected from both RSGs and FBGs under three conditions: (1) quiescent, as the reflector was held stationary, to evaluate instrumentation noise floors, (2) during impulse excitation, and (3) while the reflector was acoustically loaded.
Strain signals as a function of time for a RSG and FBG collocated on a strut are shown in figure 18 . At times t < 0.08 s, there was no excitation of the structure, and the noise intrinsic to each instrument is evident. The noise on the electrical gage is equivalent to 10 µε. No equivalent noise is evident in the optical trace and the noise apparent strain is <1 µε. (Note that the 10 µε noise level of the RSG is very high, and typical RSG noise levels are 1 µε.)
A transient load was applied to the structure at approximately 0.08 s after the recording began; the strain signals show decaying resonant behavior. The data from the RSG and FBG agree in figure 18 except for the significant amount of additional noise present on the RSG signal. The FBG sensor system is not bandwidth limited below 2 kHz, so the absence of noise is not due to a lower frequency response. The power spectral density plot shown in figure 19 was collected while the reflector was loaded with 149 dB white-noise acoustic energy. This data representation allows direct comparison of measured strain between the electrical and optical gages as a function of frequency. The lowfrequency cut-off for both systems was near 20 Hz, and there is excellent agreement between the sensors over the frequency range of interest.
Practical implementation
The initial demonstration showed that the FBG sensors offered a number of advantages, including ease of application, small size, inconsequential mass-loading, minimal leads, and immunity to electrical noise, while providing strain information in many ways superior to that reported by RSGs. A more extensive instrumentation of a reflector was performed to assist in structural design verification. The sensor configuration included 40 FBGs located at high-strain locations. Figure 20(a) shows the reflector with five circled sensor placement areas and insets detailing the attachment points. Figure 20(b) is a closeup of one of the circled regions on the full-scale diagram. A metal junction mates two small graphite struts to the support ring tube. The five metal junctions chosen for instrumentation are closest to three underlying fixtures that mount the entire reflector to the test fixture and are therefore expected to experience the greatest strains. Figure 20(c) shows a cross section of one of the two struts of inset figure 20(b) with properly scaled FBG sensors surface mounted at each of the four edges (only the grating regions, not the intervening leads are indicated). It was desired to place strain sensors along the vertices of the struts, very close to the metal junction, to closely resolve maximum bending moments as well as axial strain components. Because of the struts' small cross section (approximately 5 × 3 mm), the geometry of an optical fiber is better suited for attachment near the edges than a conventional RSG.
Because of the large number (40) of sensors, custom FBG arrays were produced on-line during fiber draw [11] . The bandwidth of the light source and the anticipated strain range of ±2500 µε were such that only eight WDM channels could be illuminated, so five separate fibers were required to instrument all 40 locations. A single fiber was configured to place one FBG at each of the eight locations shown in figure 20 (b), four on each of two struts. Because the reflector was a flight structure, the sensors were attached with a flightqualified epoxy (Dexter Hysol EA 9394). A specialized clamp was designed to hold four FBGs under slight tension along each strut at the intended sensor locations until the epoxy could be applied and set. The duration of the loading test is sufficiently long to allow sequential interrogation of five sets of eight sensors, so the instrumentation utilizes an electronically-controlled FO switch with a switching time of less than 0.5 s to select each sensor array in turn, as shown in figure 21 . The FBGs were written to reflect 10-20% near 800 nm and are monitored with a silicon CCD spectrometer [10] with a spectral range of greater than 40 nm. The required data sampling rate was 2000 Hz with better than 2 µε resolution, so the spectrometer was configured for a line rate of slightly greater than 2000 Hz. Without any signal processing, such as averaging, the system is capable of better than 1 µε resolution at the maximum frequency. Varying amounts of averaging are possible if the sampling rate is less than 2000 Hz. With five to seven averages the noise floor is approximately 0.1 µε. Similarly, the noise power spectral density is well below 1 µε over most of the spectrum. Data collected from one FBG sensor array of eight elements during the 146 dB acoustic loading test are shown in figure 22 . The position of these eight sensors on the flight article is shown in figure 23 . Note that the largest strains rarely approach ±500 µε. Sensor groups (5-8), (3) (4) , and (1-2) are well correlated. The right-most 50 ms of data have been expanded to show detail, and it is apparent that the strains from FBGs (5-6) are anti-correlated with those from (3) (4) . This can be interpreted as a bending of strut H perpendicular to the membrane (see figure 23) . The different behaviors of FBGs (1-2) and (3-4) indicate a more complex bending, perhaps due to the greater distance of strut I from the support ring clip. Additional structural analysis is necessary to fully interpret these data.
In addition to high-fidelity, dynamic strain information, the nature of the FBG sensor system employed for this test enables the comparison of absolute strain both before and after the test, and over the life of the structure for the period during which the sensors are attached. The sensor spectra acquired soon after they are bonded to the structure may be recorded along with a spectrum from a penlight-sized argon gas discharge lamp. The argon spectrum is constant over time and permits absolute calibration of the sensor signals. In this way, the strain state of the flight article can be tracked through subsequent assembly and testing stages, accompanied by a detailed map of structural changes on the microstrain level. This is in sharp contrast to electronic strain sensors, which have significant drift over minutes or hours. Alignment tests that are performed after acoustic loading to evaluate deformation could be easily augmented by a detailed mapping of strain for localizing points of structural relaxation or damage.
The sensor design for this test employed arrays with FBG sensors spaced in wavelength to accommodate ±2500 microstrain deflections, limiting to 8 the number of sensors per array. In view of the actual range of less than ±500 µε, future applications might reasonably employ two or three times this sensor density (16-24 sensors per array). With instrumentation comparable to that used in this test, more than 100 sensors could have been placed on the flight article and individually interrogated.
On-line modal parameter estimation using FBGs
Introduction
In this section, a recently developed, on-line subspace modal parameter estimation algorithm is applied to response measurements from FBG strain sensors that are bonded to struts in a laboratory truss structure to track the multiple modes of a complex dynamical system using multiple sensors. The significance of the on-line modal parameter estimation is that it is an enabling technology for future high-performance space platforms, including sparse aperture imaging systems. These are a new class of space telescopes currently under development, which will employ composite support structures with overall diameters in the range 10-100 m. On-line modal parameter estimation uses observations of the system inputs and outputs to determine model parameters in real time, namely, frequencies, damping ratios and mode shapes. FBG strain sensors were selected for this demonstration because of their potential widespread application in future spacecraft systems, which will require hundreds of low-cost, lightweight sensors, having compact signal conditioning electronics. On-line modal parameter estimation is desired for structural health monitoring and for the implementation of adaptive structural vibration controllers.
In a recent effort [27] , a new recursive multi-input, multioutput (MIMO) modal parameter estimation algorithm was developed using the URV matrix decomposition technique described in section 5.3 and [28, 29] . The batch algorithm [30] that forms the basis of the new recursive algorithm was shown to be closely related to the popular eigensystem realization algorithm (ERA) [31] and polyreference time domain [32] methods. Various refinements pertinent to efficient implementation of the recursive algorithm were then derived in detail.
This section provides an evaluation of the methods presented in [27] using response measurements from FBG strain sensors. The recursive algorithm was applied to a timevarying structure to assess its ability to track changing modal parameters.
Batch identification method
The discrete-time state space equations for a vibratory structure that is linear, time-invariant and finite-dimensional are
where x k is the n-dimensional state vector at the kth sample instant, A is the n × n system matrix, B is the n × m input matrix, u is the m-dimensional input vector, y is the rdimensional response vector, C is the r × n output matrix, and D is the r × m direct transmission matrix. For the experimental portion of this work, y is a vector of strain measurements from FBGs and u is the voltage signal applied to the disturbance actuator. Defining two (Hankel) matrices for the responses and inputs as
and forming the product
a set of orthogonal vectors, P s , that span the column space of YU ⊥ is then estimated using the singular value decomposition, i.e.
where P is a matrix of left singular vectors, Σ is a diagonal matrix of singular values with the singular values arranged in descending order, and V is an orthogonal matrix of right singular vectors. The principal subspace vectors, P s , are the first n columns of P. The system matrix A may be estimated using
The subscripts 1 and 2 refer to the top M − 1 and lower M − 1 block partitions of P s , respectively. C is the first block partition of P s . Natural frequencies are obtained from the eigenvalues of A and mode shapes from the eigenvectors of A using the output matrix C.
URV recursive approach
A recently developed on-line implementation of the above estimation method derived a new and efficient update equation for YU ⊥ which enabled the use of several variants of the URV decomposition. The URV methods [28] are used to recursively update the principal subspace, P s . Such methods had previously not been used for MIMO modal parameter estimation. The crucial step in applying the URV methods is to derive update equations that are in a suitable form. Specifically, the URV methods assume that a prior data matrix, Z j −1 , is modified after obtaining a new measurement, z j , as
How the update of YU ⊥ is brought into this required form is given in [27] . In the URV method, the new data are projected onto the old principal subspace, and a series of efficient orthogonal rotations are used to return a small matrix, R, to upper triangular form. The new principal subspace is then computed using the old principal subspace, one null space vector and the orthogonal rotations. Consider the (Hankel) data matrices for the responses and inputs after receipt of the ith sample
The recursive algorithm is summarized as a sequence of update expressions:
Experimental set-up
The structure utilized for this experiment is the Naval Center for Space Technology (NCST) precision truss, shown in figure 24 . The aluminum truss is 3.74 m long and consists of 161 struts and 52 node balls arranged in a 'T' configuration. Each of the of eleven bays of the truss measures 34 cm on a side. A single reaction-mass actuator was installed, and FBG strain sensors were bonded along the length of the struts (marked by 'X's in figure 24 ) to measure axial strain. Table 5 lists the hardware and software used in this experiment, and figure 25 shows a typical frequency response function for the structure. The demodulation system is the wavelength-scanning FFP filter described in section 1.2.1 and [8, 9] . The strain sensors are sequentially sampled at a rate of 287 Hz, and strain data is transmitted to a Pentium-class PC via a parallel port interface and an NRL-developed Windows TM communications program. The theoretical strain resolution for the system is 0.4 µε, the gage length of the gratings is 1.5 cm, and the rms noise is less than 1.2 µε per channel.
On-line implementation
The on-line modal parameter identification system consists of two codes-the real-time code which runs on a Texas Instruments TMS320C40 digital signal processor (DSP) and an off-line code which runs in the Matlab environment. The recursive algorithm is implemented via a C program that is Table 5 . Hardware and signal processing equipment and software for the on-line system identification experiment using FBG strain sensors on the NCST precision truss testbed. compiled and loaded into the DSP residing on the dSPACE Inc DS1003 processor board. The real-time code updates the signal subspace at an 80 Hz sample rate for a problem involving four modes, five outputs, and one input, using 15 row shifts for the Hankel matrix. An external signal generator (Tektronix 2630) provides a 0-40 Hz band-limited random input signal, which is used to drive the reactionmass disturbance actuator, and the response of the system is measured with the five FBG strain sensors (see figure 24) . The actuator drive signal is continuously monitored by the 
real-time code via the dSPACE Inc DS2003 analog-digital converter (ADC) card, and the five strain sensor values are provided by the FBG sensor interrogation system through a PC/DSP dual port memory. The Matlab off-line code controls the recursive identification process. Using 600 samples for each channel of data, an initial batch solution is computed via singular value decomposition (SVD) in Matlab. The initial solution is then transferred to the DSP, and the recursive estimation process is triggered to run indefinitely. The off-line code accesses the DSP once every second and updates a graphical display of the natural frequencies and damping ratios.
Experimental results
To demonstrate the ability of the recursive algorithm to track time-varying modal parameters, a test was conducted in which a mass was added to the tip of the NCST precision truss for a short time and then removed. Figure 26 shows the real-time display of natural frequencies for the four identified modes. The addition of the tip mass just after t = 100 s caused a marked decrease in all of the frequencies, which is immediately apparent in the real-time traces. However, mass loading does not have such a uniform impact on the damping ratios. Figure 27 shows the real-time traces of the damping ratios for the four identified modes. As expected, when the mass is removed, the system parameters return to their original values. Table 6 lists the mean values of the modal parameters for three time intervals, namely, the initial nominal system before mass loading, designated by the number 1; the mass-loaded system; and the final nominal system after mass loading, designated by the number 2. Figure 28 shows the results from a mass loading experiment in which five accelerometer signals were used instead of the optical fiber strain sensors. Two tri-axial accelerometers were attached to the nodes marked by asterisks in figure 24 . Because these tests were conducted months apart and involved slightly different structural configurations, the mean values for the frequencies do not match exactly. A comparison of figure 26 with figure 28 reveals that the optical fiber strain sensors work just as well as the accelerometers in tracking the changing modal parameters due to the mass loading and removal. (Note that the results derived from the accelerometers are cleaner due to higher sensor signal-to-noise ratios.)
Discussion and conclusions
The successful implementation of this on-line modal parameter estimation algorithm on a complex laboratory truss structure demonstrates that the technique accomplishes the objective of tracking multiple modes of a complex dynamical system using multiple sensors. This work is believed to be the first application of a recursive subspace approach for modal parameter identification. The validity of using FBG strain sensors for modal testing applications has been established by comparing the performance of the optical fiber sensors to conventional accelerometers.
6. Ultrahigh-sensitivity strain and temperature sensing
Background
Ultrahigh-sensitivity strain sensing is necessary for monitoring the behavior of precision structures and to understand the microdynamics of materials. For example, small transient strains are induced in spacecraft structures by the relaxation of thermal gradients, attitude control maneuvers, or antenna slewing. Likewise, temperature fluctuations or loading of low thermal expansion coefficient materials may cause nanometer deformations of such structures. These deformations affect the performance of precision telescopes and long-baseline interferometers.
Detection of nanometer-level motions, whether dynamic or static, places stringent requirements on the measurement apparatus.
The sensitivity demonstrated with optical fiber sensors is certainly adequate for nanostrain sensing. Ultrahigh dynamic sensitivity interferometric sensors have been developed for acoustic sensing [33] and, as described in section 1.2.1, dynamic strain sensitivity of 0.6 nε Hz −1/2 has been demonstrated for an FBG sensor using an unbalanced Mach-Zehnder interferometer demodulation technique [13] . However, the static strain sensitivity of these techniques is at least 10 to 50 times less because of the sensitivity of the interrogation interferometer to acoustic noise and thermal fluctuations. Thus, ultrahigh-sensitivity static strain sensing imposes the additional requirement of minimal acoustic sensitivity of the instrumentation, and either the elimination of, or compensation for, thermal apparent strain of the sensor caused by thermally-induced changes in the optical path length.
A sensor that has recently demonstrated nanostrainlevel sensitivity for quasistatic strain is the fiber cavity etalon (FCE), which consists of meter-long sections of 1.3 µm single-mode, germanium-doped silica core telecommunications fiber (Corning SMF-28) and heavy metal fluoride (HMF) optical fiber (Le Verre Fluore IRguide SM[1.27]5.7/125) [2] . After cleaving, the fiber end faces are gold coated by electron beam deposition to form moderate finesse (20-55) Fabry-Perot fiber etalons, which are connected to single mode fiber leads. The FCE is similar to the intrinsic Fabry-Perot sensor [34] , which is formed by creating reflective coatings on a short length of fiber and fusion splicing the short gage length cavity to a leadin fiber. However, the ultrahigh sensitivity of the FCE sensor is achieved through the long cavity length and the attention paid to the cleave angle and coating reflectivity.
The change in cavity frequency ν with strain or temperature is given by ν ε = K ε ε and ν T = K T T , where
, and α is the coefficient of thermal expansion (CTE). For silica-based fibers the CTE is small, α = 5.5 × 10 −7 , and the thermo-optic term dn/dT = 1.1 × 10 −5 • C −1 dominates the temperature response. HMF glass has quite different properties-α is large and positive, 1.6 × 10 −5 • C −1 while dn/dT is large and negative, approximately −1.4 × 10 −5 . (In fact, these terms can be balanced by glass compositional changes to achieve nearly athermal behavior, which has proven useful in minimizing the beam distortion by highpower fluoride glass laser windows [35] .) However, the thermal expansion of a fiber sensor bonded to or embedded in a material is that of the structure itself, assuming perfect strain transfer. If the CTE of the host material is small, as for a precision spacecraft structure, the thermal response of the HMF fiber sensor is dominated by its large, negative dn/dT , while that of the silica sensor is dominated by its large, positive dn/dT .
Using both silica and HMF fibers results in a sensor with a unique advantage. Although the strain sensitivities of the two fibers are similar, the thermal sensitivities are of the same magnitude but opposite in sign. Thus, by interrogating both cavities, it is possible to simultaneously measure strain and temperature with high accuracy using the methodology described in section 1.2.2. Figure 29 presents a schematic diagram of the instrumentation used to interrogate the FCE sensor. A singlefrequency, stabilized Nd-YAG laser operating at 1.3 µm was used as the optical source. The sensor operates by simultaneously measuring the frequency shift of the fiber cavity resonances ν = cm (2n L) −1 with strain and/or temperature, where c is the speed of light in vacuum, m is an integer, n is the refractive index, and L is the cavity length. The laser output is split by a 50:50 coupler so that two cavities are simultaneously interrogated. The free spectral range † of the cavities is approximately 100 MHz, but the laser was swept over 120 MHz using a saw tooth signal generator so that at least one resonant peak was available for tracking. The maximum scan rate of the system was 357 Hz. Averages of five and 40 scans were typically used, respectively, for dynamic measurements of free vibration decay and quasistatic measurements, resulting in effective scan rates of 72 and 9 Hz.
The FCE sensor system was demonstrated using silica and HMF cavities bonded over their whole length to a low CTE (0.79 ppm
• C −1 ) uniaxial boron graphite-cyanate ester (B-Gr) composite strut ∼2 m in length and 7 cm in diameter, which was a spacecraft prototype. Additionally, a second pair of sensors was bonded to a fused quartz (FQ) calibration rod. The ends of the strut or rod were attached to stainless steel flanges for mounting into the strut tester apparatus (STA) located at Raytheon Systems Inc and described in detail elsewhere [36] . The STA is a large, structurallyrobust apparatus (total weight = 1800 kg, length = 3.6 m), † Free spectral range is the frequency difference between two adjacent cavity resonances, i.e. ν = c (2n L) −1 . designed so that 90% of the total energy dissipated during the test manifests itself as axial strain in the test article and not an overall straining of the apparatus itself. Strut loading during quasistatic stepped strain and free vibration decay tests was accomplished with a linear voice-coil actuator. The STA primary sensors are capacitance displacement gages (MTI, Inc) located at both the pivot and fixed ends of the strut. The noise floor of these sensors is less than 1 nm rms with a dynamic range of several thousand nanometres. The strut was surrounded with a foam-lined box during the tests to isolate it from the thermal environment of the room.
Because the temperature responses of the silica and HMF fibers are significantly different while their strain responses are similar, the two-fiber FCE sensor can simultaneously measure changes in both strain and temperature, as has been reported for other dual measurand fiber sensors as described in section 1.2.2, by solving
for ε and T , where ν is the measured frequency shifts of the silica (S) or HMF (F ) cavities. The strain and temperature coefficients are shown in table 7. The strain coefficient of the HMF sensor fiber was determined by applying known axial loads (strains) to a HMF FCE bonded to a FQ calibration rod, measuring the frequency shift, and performing a linear regression. The strain coefficient of the silica sensor was taken from the literature [37] . To determine the temperature coefficients of the sensors, the strut was placed in a foam-lined box under zero physical strain. The strut was uniformly heated with 4 heater tapes running the length of the strut and located radially at 90
• increments around the strut. ν S and ν F were measured during heating and cooling from 25 to 30
• C. The uncertainty in K T shown in table 7 is the standard deviation of the average of slopes obtained during several heating and cooling runs for each sensor. The temperature response of the HMF sensor was approximately 2% larger during cooling than heating, while the heating and cooling responses of the silica sensor were nearly identical. The greater uncertainty in K T for the HMF sensor is a result of this hysteresis that occurs because the HMF fiber used in these measurements had a soft outer polymer coating, causing imperfect strain transfer between the low-CTE strut and the high-CTE fiber.
Thermal response
The different thermal responses of the HMF and silica FCEs is clearly shown in figure 30 , which is a measurement of Table 7 . Strain (K ε ) and temperature (K T ) coefficients for the silica and HMF FCE sensors bonded to the B-Gr strut. The strain coefficient for silica is from [37] .
Silica −0.177 1710 ± 9 HMF −0.209 ± 0.002 −1854 ± 23 the cavity frequencies made when the temperature of the room was changing significantly. At the end of 220 s, the frequencies of the HMF and silica FCEs had drifted −15.8 and 4.4 MHz, respectively. As described in [36] , the STA is designed such that thermal changes do not induce physical strain on the strut. Thus, during the recording period ε = 0; from (13) and table 7 the ratio ν F / ν S is expected to be −1.08, while the measured ratio is −3.59. We hypothesize that this discrepancy is due to laser drift, which is calculated to be 5.3 MHz over 220 s, or 88 MHz h −1 . Such drift is not unreasonable considering that the laser stability specification of 50 MHz h −1 is for constant ambient temperature, which was clearly not the case when these measurements were made. When the data are corrected for the laser drift, we calculate that T = −5.67 × 10 −3 • C from 0 to 220 s. This demonstrates that the different thermal responses of the HMF and silica FCEs can reveal very small temperature changes, which would be interpreted as nanostrain-level displacements in a single fiber sensor system. However, submegahertz frequency stability of the laser source is required to realize nanostrain accuracy over long-term static measurements. After removing the thermal drift from the data of figure 30 , we calculate the noise equivalent strain for the silica and HMF sensors to be 1.1 and 1.4 nε rms, respectively. Thus, ultrahigh-sensitivity static strain measurement is possible with the dual-fiber cavity etalon sensor. (The smaller noise equivalent strain in the silica sensor is due to the superior cleave angle and higher finesse of the silica cavity.) Although ultrahigh-sensitivity dynamic strain measurements have been demonstrated with FBG based systems (e.g. 2.5 × 10 −15 Hz −1/2 for f > 10 Hz), the state-of-the-art for quasi-static FBG sensors is approximately 1 µε [8] , while the long-term drift of static strain sensors is significantly higher.
Strain response
To test the FCE ultrahigh-sensitivity strain sensor system, a number of fiber cavities were fabricated from HMF fiber, silica fiber with epoxy-acrylate coating, and silica fiber coated with polyimide. These were surface mounted to the FQ rod and the B-Gr strut using, respectively, Eccobond 45 and Hysol EA9394 adhesives.
A series of tests, which included both free vibration decay (FVD) and quasistatic strain, was performed on both the FQ rod and B-Gr strut using various combinations of sensor fibers. Typically, FVD was initially performed as a baseline. Figure 31 shows an example of the FVD data; it is apparent that there is good agreement between the capacitance gage and the two fiber sensors.
As described in section 6.1, the maximum sampling rate of the FCE instrumentation system was 357 Hz, but because of computer memory limitations, the rate typically used for FVD measurements was 72 Hz. This was adequate to capture the strut fundamental at 28 Hz, but not higherorder harmonics. The capacitance gage's sampling rate was 200 Hz. The noise and beating at the end of the HMF fiber sensor data are not understood at this time.
The second series of tests consisted of quasistatic strain measurements where the B-Gr strut or FQ rod was sequentially loaded in compression and tension to higher strains, as described in the caption of figure 32 . Figure 32(a) shows the measured stain calculated from the frequency shifts of the silica and HMF cavities and their respective strain responses (see table 7) assuming constant temperature and laser frequency. At the end of the load profile, thermal apparent strains of −20.2, 9.7, and −4.9 nε are evident in the silica, fluoride, and capacitance gage data, respectively. Since the strain induced on the strut by the voice-coil actuator is zero at both the beginning and end of the load profile, we calculate a temperature drift T = −1.55 × 10 −3 • C and a laser drift of 1.26 MHz. After removal of these thermal components (assumed to be linear over the measurement time), there is excellent agreement among the sensors, as shown in figure 32(b) . It should be noted that quasistatic strain measurements were made on the strut with various levels of preload by placing 22.7, 45.5, and 90.9 kg weights on the horizontal arm of the STA; subsequent compressive and tensile strains were applied relative to this preload by the actuator. The data shown here were for a preload of 8.3 MPa, which eliminated any lost motion between the strut, on which the fiber sensors were mounted, and the stainless steel flanges, which were used for the cap gage measurements.
A similar set of quasistatic strain measurements was made on the FQ rod, but no preload was used because of the possibility of a catastrophic failure. As in the case of the B-Gr strut, the rod was loaded with increasing levels of compressive and tensile stress and the strain was calculated from the frequency shifts of the two cavities using the values in table 7. The results are shown in figure 33(a) , where thermal apparent strains of 7.3, −24.9, and 8.1 nε, respectively, are evident in the silica and HMF FCEs, and the cap gage sensors. Using these values, the thermal drift T = −1.73 × 10 −3 • C and the laser drift = 1.67 MHz. After removal of these thermally-dependent components, there is excellent agreement between the two fiber sensors, as shown in figure 33(b) , but there is a significant discrepancy with the cap gage. No preload was applied in this measurement, and there was lost motion between the strut and flange, which is particularly evident in the creep of the cap gage between t = 155 and 170 s.
The data of table 7 were used in an analysis to determine the accuracy of the dual FCE sensor for simultaneously measuring both strain and temperature by propagating the errors in K ε and K T to find the error in ε and T , assuming absolute stability in the laser frequency. If the cavity resonance is determined to the 0.005 fringe, for example 0.5 MHz, the errors in ε and T are 6.4% and 0.68%, respectively, for a test case of 100 nε and T = 0.1
• C, the strain error increases linearly with temperature. In the limit of no error in the coefficients, the corresponding errors in strain and temperature are 1.7% and 0.19%, and the strain error does not increase with increasing temperature.
Because of the difference in sign of the thermal responses of the silica and HMF cavities bonded to the B-Gr composite strut, we hypothesized that a compound FCE consisting of appropriate concatenated lengths of fluoride and silica fiber sections bonded to the strut might be athermal. Using a silica/HMF fiber length ratio of 1.06, we demonstrated an FCE with less than 3 × 10 −7 • C −1 temperature sensitivity [38] . This athermal cavity is 35 times less temperature sensitive than a simple fluoride or silica cavity, while retaining the same response to mechanical strain. Optimizing the relative lengths of the two types of fibers could further minimize the thermal response of this new sensor Both silica and HMF FCEs have been embedded composite tubes. Because of the harsh environment during cure, the dual acrylate coating on the telecommunications fibers did not survive, and a polyimide-coated silica fiber was used. HMF fiber was obtained with a single polyacrylate coating, which not only survived the cure at 177
• C but also eliminated the hysteresis in thermal response described above. Results from these embedded sensors were similar to those of the surface-mounted FCEs.
This work has demonstrated a new, ultrahigh sensitivity, dual-fiber sensor configuration based on the widely different thermal responses of silica and fluoride glass fibers, which enables compensation for thermal drift or simultaneous measurement of both temperature and strain. This sensor is capable of both static and dynamic strain measurements, but high laser stability or an athermal reference cavity is required for ultrahigh-sensitivity static strain measurements due to the effect of laser drift.
Flight qualification
Currently, none of the FO sensor systems discussed in this paper has been space flight qualified, and there are significant issues associated with accomplishing this. Designs exist for the systems to be flight qualified, and interest has been expressed in flying these systems onboard various spacecraft.
Space systems are subjected to unique environments not typically experienced by terrestrial systems. These environments are caused by launch vehicles, thermal cycling between lighted and eclipse periods, high-energy radiation (electrons, protons, cosmic rays, etc), and the vacuum of space. The goal of a space qualification program is to subject candidate space systems to environments simulating expected launch and space environments.
Typically, environmental tests are performed on some components of a spacecraft system, the integrated electronics boxes, and the entire integrated spacecraft.
A common series of tests required to flight qualify any space system includes the following.
(1) Functional tests verify that a component or system is performing to specification prior to environmental tests. Functional tests are usually performed before and after each environmental test. (2) Radiation tests are generally performed at the component level and are designed to establish tolerance to electron and proton radiation. Typical space mission total dose requirements are 100 krad over a lifetime of 3-20 years. (3) Thermal cycling subjects the system to a series of highand low-temperature periods that simulate the variations of temperature due to lighted and eclipse periods from the sun.
(4) Thermal vacuum simulates these same thermal loads but under a high vacuum. The vacuum of space requires heat transfer systems to be designed so that heat generated by electronic components flows from the electronics box and radiates into space. Thermal tests are tailored for the specific orbit in which a system will fly. (5) Random vibration simulates the mechanical vibration loads that are produced by a launch vehicle. These tests are tailored to the launch vehicle for which the system is designed. (6) In addition to mechanical vibration a spacecraft will experience acoustic vibrations transmitted through a payload fairing and these loads are simulated during acoustic tests. (7) Finally, electromagnetic interference and electromagnetic compatibility (EMI/EMC) tests verify that the system can operate in the expected electromagnetic environment.
Space qualification of the optical fiber itself is not a concern since fiber optics have been qualified for data bus applications, which are currently deployed in orbit [39] . The only potential issue is increased attenuation in the fiber arising from the space radiation environment. However, proper fiber selection and the fact that the lengths are relatively short mitigate against this effect.
It has been shown in previous work that FBGs are not sensitive to the levels of radiation expected for a typical space environment [40] . There are also no concerns about EMI/EMC effects on the fiber or grating since it is a dielectric material. Mechanical concerns must be addressed when attaching FO sensors to the spacecraft structure. Techniques need to be more completely analyzed and refined with respect to the adhesives used for mounting and the required strain relief between sensors. To date, however, both surface mounted and embedded FO sensor arrays have been subjected to thermal cycling and vibration tests, and they have experienced no failures.
The space qualification of the optical sources required for sensor systems also does not appear to be an issue. Optical communication systems are being developed for, and flown in, space. The 1773 FO bus standard [39] and laser communication systems [41] have been developed for flight, and these systems employ similar light emitting diodes, laser diodes, fiber lasers, and fiber amplifiers as the optical sources in FO sensor systems, so space qualification should be straightforward.
Concerns exist for the components used to monitor the reflected wavelengths of the FBGs. As discussed in section 1.2.1, three techniques are commonly used. The first is the FFP filter, which at the present time is most commonly used in static and low-frequency dynamic strain demodulation systems. The FFP filter utilizes a piezoelectric stack to vary the gap between the fiber ends, thus sweeping the device through a specified wavelength range. Wavelength calibration relies on a fixed correlation between applied voltage and the FFP filter passband wavelength. Following calibration, the voltages at which the peaks of the reflected signals occur determine the Bragg wavelengths of the FBGs.
The FFP filter is sensitive to vibration, and it is highly sensitive to thermal variations.
Next generation systems with an internal wavelength calibration will reduce thermal sensitivity and are currently being tested for space application. Currently, no data exist on the actual performance during vibration or their ability to withstand vibration. However, special packaging can possibly be designed to dampen vibrations, if necessary.
The second interrogation technique uses an unbalanced Mach-Zehnder fiber interferometer in demodulation systems for high-frequency operation with high dynamic strain sensitivity. As described in section 1.2.1, the interferometer is extremely sensitive to acoustic noise and temperature fluctuations, which limit its use to dynamic measurements. Although the thermal sensitivity may not be an issue for dynamic measurements since the time scale of the thermal fluctuations is much longer than that of the dynamic strain, the same concerns exist for vibrational sensitivity as those posed for the Fabry-Perot filter.
The third method uses a CCD spectrometer to interrogate the Bragg wavelengths of the FBGs, and this technique offers the potential to provide high sensitivity in both static and dynamic strain measurements. This method presents very little concern for use in a space environment since CCDs and spectrometers are commonly used onboard spacecraft, and many devices exist that have been well characterized and qualified for these applications.
The most significant advantage of FBG strain sensor systems is the ability to multiplex a large number of sensors along a fiber. A single demodulation box can be used to interrogate multiple FBGs reporting different measurands distributed throughout the spacecraft. One drawback of the fiber sensor technology is that it is only beginning to be commercially available, and it is not presently used on spacecraft. For acceptance, this technology needs to be introduced, demonstrated, and proven to spacecraft manufacturers before it is flown on a regular basis. Hopefully, the success of various demonstration systems will increase the visibility of the technology and advance its deployment on board spacecraft.
Conclusions
Fiber optic sensors have reached a level of maturity and reliability that they can be seriously considered for spacecraft applications. In particular, FBG sensor systems have been successfully used in several acoustic and vibro-acoustic qualification tests, and their performance has equalled or exceeded that of traditional sensors. However, FO sensors have several unique advantages over traditional RSGs that make them attractive for a wide variety of spacecraft applications. The most significant advantages are the immunity to electromagnetic interference, the ability to multiplex a large number of FBG strain sensors along a fiber and individually interrogate them through a single fiber lead with a single instrumentation system, the unmatched capability for making absolute strain measurements without constant monitoring, and their light weight and small size, which enable unintrusive embedding in composite parts. The issues of flight qualification are being addressed at the present time, and the sensors and instrumentation are in transition from the laboratory to commercial production. As this process evolves and spacecraft manufacturers recognize the unparalleled advantages of FO sensors, it is inevitable that these sensor systems will be widely deployed onboard spacecraft of the future.
